A solution to the Boltzmann equation is obtained for a magnetized plasma with non-degenerate electrons and ions by Chapman-Enskog method. To obtain an approximate solution, the Sonine polynomials up to the third-order approximation are used. Fully ionized plasma is considered. We obtained more accurately the components for the diffusion, thermal diffusion and diffusion thermoeffects tensors in comparison with previous publications on this subject.
INTRODUCTION
Heat and charge transfer in a magnetized nondegenerate plasma plays an important role in describing its behavior both in laboratory conditions and in the structure and evolution of stars. The kinetic coefficients such as thermal conductivity, diffusion, thermal diffusion and diffusion thermoeffect determine heat fluxes and current densities. Knowing the distributions of heat and current, we can calculate the magnetothermal evolution, the distribution of the magnetic field and temperature over the surface of stars, or describe the behavior of the plasma obtained and accelerated in laboratory conditions. Classical methods of kinetic gas theory were developed by Maxwell, Boltzmann, Gilbert, Enskog, and Chapman. These methods are presented in the monograph by Chapman and Cowling [1] . They are based on the solution of the Boltzmann equation by the method of successive approximations. The thermodynamically equilibrium distribution function is taken as the zeroth approximation: for a nondegenerate gas, the Maxwell distribution; and if degeneracy is important, the Fermi-Dirac distribution. The equilibrium distribution function does not give an exact solution to the Boltzmann equation in the presence of inhomogeneity. Following [1] , we look for a solution to the Boltzmann equation in the first approximation by expansion in the Sonine (Laguerre) polynomials. To take into account degeneracy, we use a system of orthogonal functions, which are a generalization of the Sonine polynomials, proposed in [2] [3] [4] ; see also [5] . Usually, the first two terms of the expansion are taken to calculate the thermal conductivity. It was shown in [6] that such an approximation gives signifi-cant errors for the thermal conductivity coefficient, which become much smaller when the third-order polynomial expansion is used.
For the first time, the application of the Boltzmann equation to a gas of charged particles was made by Chapman [1] . Due to the divergence of the collision integral at large values of impact parameters for particles exhibiting Coulomb interaction, the average distance between particles was taken as the upper limit of integration in respect to the impact parameter. Thus, the viscosity, thermal conductivity, and diffusion coefficients were calculated for gases consisting of charged particles. The divergence of the collision integral for the Coulomb interaction with large impact parameters shows that the scattering of particles with a large impact parameter and a small change in momentum in a single collision plays a more important role than collisions with a large change in momentum. Landau used this fact to simplify the Boltzmann collision integral [7] . He expanded the distribution function after the collision with small changes in momentum and left the first two terms of the expansion.
The kinetic coefficients for a nondegenerate plasma were calculated in [8] [9] [10] [11] in the presence and absence of a magnetic field using the Chapman-Enskog expansion method. Braginsky [12, 13] calculated the kinetic coefficients for a nondegenerate plasma in a magnetic field consisting of electrons and one sort of positively charged ions using kinetic equations normalized to different average velocities for ions and electrons. The Landau collision integral was used and two polynomials in the expansion were taken into account. The same approach was used in [14] , which presented the calculation of kinetic coefficients for SPACE PLASMA GLUSHIKHINA fully ionized plasma of complex composition. The kinetic coefficients for fully ionized plasma in a magnetic field were obtained by direct numerical calculation of the Fokker-Planck equation in [15] . The components of the thermal conductivity tensor for degenerate stellar nuclei were calculated in the Lorenz approximation for hydrogen plasma in [16] and [17] .
A non-relativistic calculation, based on the quantum Lenard-Balescu transport equation for the thermal and electrical conductivities of plasma of highly degenerate, weakly coupled electrons, and nondegenerate, weakly coupled ions, was performed in [18] . The diffusion, thermal diffusion, and diffusion thermoeffect coefficients were calculated in [19] for plasma in a magnetic field with highly degenerate electrons and nondegenerate nuclei in the Lorentz approximation. In turn, the thermal conductivity tensor is calculated in [20] for arbitrarily degenerate electrons and nondegenerate nuclei in a magnetic field.
In the present work, we solve the Boltzmann equation by the Chapman-Enskog method for electrons in a nondegenerate plasma. The tensors of thermal diffusion, diffusion, and diffusion thermoeffect using the expansion of three polynomials are found, and the Lorentz gas example shows that the method has good convergence to the exact solution. An analytical expression is obtained for the components of these tensors in the three polynomial approximation, taking into account electron-electron collisions for the case of nondegenerate electrons in the presence of a magnetic field. Accounting for the third-order of the polynomial significantly improved the accuracy of the results. In the approximation of two polynomials, the obtained solution coincides with the published results.
BOLTZMANN AND TRANSPORT EQUATIONS
We use the Boltzmann equation for nondegenerate electrons in a magnetic field and take into consideration the interaction of electrons with ions and with one another. The Boltzmann equation, which describes the time variation of the electron distribution function f in the presence of the electric and magnetic fields is written as [10, 11] (1)
Here, and are the charge (negative) and the mass of the electron, and are the strength of the electric field and magnetic induction, is the fully antisymmetric Levi-Civita tensor, and c is the speed of the light. The collision integral J for nondegenerate ( )
electrons and singly charged ions, from [1] [2] [3] [4] , is written in the form (2) Here, the impact parameter b and ε are geometrical parameters of particle collisions with relative velocities and . The electron part of the collision integral in (2) is integrated over the phase space of the incoming particles ( ) and the physical space of their arrival ( ) [1] . The functions corresponding to velocities after collision are marked with primes.
The Boltzmann equation for electrons with the pair collision integral (2) can be applied in conditions when the electron gas is considered to be nearly ideal, i.e., the kinetic energy of electrons is much higher than the energy of electrostatic interactions. This condition is satisfied in the plasma of sufficiently low density. A detailed discussion of the applicability of the pair collision integral (2) and its modifications for nondegenerate high-density gases can be found in [1] .
Let us introduce the thermal velocity of electrons, , where is the mass-average velocity. Thus, we can write the Boltzmann equation with respect to the thermal velocity in the form [11] (3)
where The transport equations for the electron concentration, total momentum, and energy of electrons in a two-component mixture of electrons and nuclei can be derived in the usual manner from the Boltzmann equation in a quasi-neutral plasma [1, [9] [10] [11] 
Here, the summation is performed over the electrons and ions, , and when we neglect the electron viscosity, is the electron pressure; is the average electron velocity in the comoving reference frame; is the electron heat flux; and is the electric current of electrons. Here and below, we assume the average mass velocity to be equal to the average ion velocity, . We also take into account the electric current and heat flux produced only by electrons.
DERIVATION OF EQUATIONS FOR THE ELECTRON DISTRIBUTION FUNCTIONS IN THE FIRST APPROXIMATION
The Boltzmann equation can be solved by the Chapman-Enskog successive iteration method [1] . This method is used when the distribution functions are close to those in thermodynamic equilibrium, while the deviations from equilibrium are considered in the linear approximation. Equation for the second order deviation from the equilibrium distribution function was derived in [22] for a simple gas; see also [1] . The complexity of this equation, and rather narrow region where second order corrections could be important, strongly restricted the application of this approach.
The zeroth approximation to the electron distribution function is the Maxwell distribution, which is found by equating to zero the collision integral from (2)
Here, k is Boltzmann's constant and T is the temperature. The ion distribution function in the zeroth approximation is assumed to be similar to the electron distribution function.
Using (10) in (4)-(9), we obtain the zeroth approximation for the transport equation; in this approximation and . In the first approximation, we seek for the function f in the form (11) The function χ admits representation of the solution in the form (12) 
nDd r (13) The plasma is supposed to be quasi-neutral. The functions and determine the heat transfer and diffusion, respectively. Substituting (12) in the equation for χ we obtain equations for and [1] . It was shown in [10, 11] that in the presence of a magnetic field with an axial vector , the polar vectors and may also be sought in the form (14) where , , are three linearly independent polar vectors and , , are functions of the scalars and . Introducing functions (15) and dimensionless velocity , and omitting small (compared to unity) terms on the order of , we obtain the equations for and in the form
where (18) 
According to [1] , the solution for the functions and is sought in the form of a series of orthogonal polynomials. The Sonine polynomials are the expansion coefficients of the function in powers of s: (20) They are orthogonal, 
Here, is the velocity of the mass center of two colliding electrons in the laboratory reference system, is the same value in the comoving reference system, is the relative velocity of the colliding electrons before the collision, is the same value after the collision, and and are the speeds of the colliding particles in the comoving reference frame defined above. We introduce dimensionless variables (27) The elements (28) are equal to zero, since the conservation of momentum in a collision nullifies the bracket in (28) . The nonzero elements are defined as
In order to calculate the matrix elements and , it is necessary, according to [1] , to calculate the following typical integral:
where indices α and β denote different particles.
Integrating as shown in [1] , we can write
where is just a number, the formula for calculating which is presented in [1] . , ,
(1 cos ( )) 
The matrix coefficients are presented in the general form as
The matrix elements are calculated in a similar way; see [1] .
We introduce the functions , similarly to (32):
Here,
Integrating in (37) over the impact parameter db, we see that the integral logarithmically tends to infinity. It converges in a more accurate examination of Coulomb collisions in a plasma with allowance for the correlation functions [23] , and an upper limit of integration arises. For electron-ion collisions with an approximate expression for the Coulomb logarithm is written as [24] (38) where (39)
The expression for the electron-electron Coulomb logarithm is obtained from (38) for . The value is the total radius of the Debye screening for electrons and ions , which can be expressed as
(2)
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The average frequency of electron-ion collisions in [25] in the limiting case of nondegenerate electrons is written as (41) Using (36), the elements of the symmetric matrix may be written in the following form:
According to [1] , we find the expressions for in the form (48)
Using (41), we can write :
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where and are the thermal conductivity and diffusion thermoeffect tensors, respectively, while and are the thermal diffusion and diffusion tensors, respectively [5, 26] . The indices and correspond to the heat flux and diffusion velocity of the electrons determined by the temperature gradient and diffusion vector , respectively. The transport coefficient tensors can be written as 
Be BBz m Here, and are the real and imaginary parts of coefficient :
and , , , and are the real and imaginary parts of coefficients and :
(66)
The procedure of finding the components of the thermal conductivity tensor for arbitrary degeneracy was described in detail in [20] , where analytic expressions for them were derived. For highly degenerate electrons, the coefficients of thermal diffusion, diffusion, and diffusion thermoeffect in the Lorentz approximation were derived in [19] .
Thermal Diffusion Tensor for Nondegenerate Electrons
To obtain coefficient , we must solve the system of equations (24) with the matrix elements from (49)-(54) and the matrix elements from (56)-(58). The system for a three-polynomial solution for electrons in the presence of a magnetic field, according to (24) , taking into account (49)-(54) and (56)-(58), is written as
The first two equations for determine the two-polynomial approximation and give, taking (63) into account, the following results for the case :
The results above are consistent with the results obtained in [9, 10] . which shows how much nondegenerate electronelectron collisions reduce the thermal diffusion coefficient at , is presented in Table 1 for various numbers Z.
In the two-polynomial approximation, taking into account the magnetic field and assuming , we obtain a solution to system (67) The difference between the two-and three-polynomial approximations can be characterized by comparing the values and :
where is defined in (86), is defined in (71), and is defined in (89). The functions and are presented in Fig. 1 for carbon, Z = 6. In this figure we have and , when .
Exact Solution in the Lorentz Approximation
The Lorentz approximation for solving the kinetic equation is used when the mass of light particles is much smaller than the mass of heavy particles, and, in addition, electron-electron collisions can be neglected. In this approximation, the linearized Boltzmann equation has an exact solution. This approximation works well for transport in a metal, where the strong electron degeneracy makes it possible to neglect electron-electron collisions. The Lorentz approximation can be used to verify the approximate polynomial solution, since it makes it possible to trace the convergence of the approximate solution to the exact one with increasing degree of polynomials. The solution in the Lorentz approximation was considered in different ( ) (2) 0 3531 Q ⊥ = .
(3) 0 1754 Q ωτ = .
0 25 approaches [1, 16, 17, 27] ; see also [24] . For thermal conductivity, the convergence of the polynomial solution to the exact one was considered in [20] . The exact explicit solution for the Lorentz approximation is obtained for the case :
Here, is the Fermi integral; see [24] . In limiting cases, the coefficient in (96) reduces to (97) Exact formulas in the Lorentz model are used in [1] to estimate the accuracy of the polynomial approximation. The contribution of electron-electron collisions to the thermal diffusion coefficient for different Z can be estimated from the plot of the normalized three-polynomial thermal diffusion coefficients in a direction perpendicular to the magnetic field by introducing quantity defined as
Here, is taken from the top line in (97). The curves for various Z, including , related to the Lorentz approximation, are shown in Fig. 2 . The intersection of the curves with the y axis in Fig. 2 occurs at the points given in Table 1 , multiplied by 1.0124. When we have 
(3) = 6 Z ωτ 0.0824, 0.0908, 0.1159, and 0.0025 for , 26, 6, and 2, respectively.
Calculation of Polynomials without Taking into Account Electron-Electron Collisions, Thermal Diffusion Case
To estimate the accuracy of the polynomial approximation for the thermal diffusion coefficients, we compare them with the coefficients obtained as an exact solution in the Lorentz approximation. In the absence of a magnetic field in the Lorentz approximation with , system (24) The explicit solution of equations (104) for two-and three-polynomial approximations is determined by formulas (73)-(79) with the formally infinite value Z.
Partially Degenerate Electrons
For partially degenerate electrons, for which the matrix coefficients were calculated in [20] , with the level of degeneracy , system (24) is written in the form (105)
In the absence of a magnetic field, this system reduces to (106) = τ , μ = τ = . τ .
(2 
No. 2 2020 GLUSHIKHINA The first two equations for determine the twopolynomial approximation, which, taking into account (63), gives the following result:
In the three-polynomial approximation, taking into account (63), we obtain solution (106) for , and also the thermal conductivity coefficient in the form (108) Let us compare the thermal diffusion coefficient obtained by the method of successive approximations by polynomials with the exact solution obtained by the Lorentz method (96) for nondegenerate electrons (109) It can be seen that the two-polynomial solution underestimates the thermal diffusion coefficient by more than 28%, and the three-polynomial solution differs from the exact solution by approximately 7%.
TENSOR OF DIFFUSION AND DIFFUSION THERMOEFFECT FOR NONDEGENERATE ELECTRONS
For nondegenerate electrons, tensors (64) and (62) are written in the form
To find the coefficients and for arbitrary electron degeneration, similarly to the search for thermal diffusion coefficients, it is necessary to solve the system of equations (25) with the matrix elements from (42)-(47) and the matrix elements . The first two equations for determine the two-polynomial approximation and give, taking into account (64) and (62), the following results for the case :
The results above are consistent with the results obtained in [9, 10] .
In the three-polynomial approximation and for , we obtain the solution (112) for and , in the form
The values of 0  0  1  2   1  0  1   2   2  0  1   2   3  3  3  9  45  2  2  2  4  16  15  9  3 13  2  0  4  4  2 4  9 23  2  8 4  105  45  9 which show the extent to which nondegenerate electron-electron collisions reduce the diffusion coefficient and diffusion thermoeffect coefficient at , are presented in Tables 2 and 3 for different values Z.
In the two-polynomial approximation, taking into account the magnetic field, assuming , we obtain a solution to system (112) in the form where the values of ζ, , and are defined in (76), (80), and (81).
In the three-polynomial approximation, the solution of system (112) has the form 
The values of in the two-and three-polynomial approximations are determined using (66).
Speed
can be written in the form The results for the two polynomials coincide with the corresponding results obtained in [9, 10] .
The difference between two-and three-polynomial approximations can be characterized by comparing the values of , and , : 
the equation for the magnetic field has the form [28] (162)
The expression for the electric current vector is more complex when we consider the strict form of kinetic coefficients:
If we present components with respect to the direction of the magnetic field B, the electric current of electrons in the plasma can be written as 
Calculation of Polynomials without Taking into Account Collisions between Electrons
To check the accuracy of the polynomial approximation for the diffusion coefficients and the diffusion thermoeffect, we compare them with the coefficients obtained as an exact solution in the Lorentz approximation. In the absence of a magnetic field, with , system (112) reduces to (173)
Taking into account (49)-(54), we write this system as (174)
This system is written for the three-polynomial approximation. The first two equations with determine the two-polynomial approximation, giving the following results:
In the three-polynomial approximation, we obtain solution (174) for , , and the coefficients in the form
The absolute values of diffusion and the diffusion thermoeffect obtained by the method of successive approximations of polynomials should be compared with the exact solution and obtained by GLUSHIKHINA Taking into account the values of the coefficients obtained in [20] , this system can be rewritten in the form (182)
The first two equations for determine the twopolynomial approximation, which, taking into account (64) and (62), gives the following result:
(183)
In the three-polynomial approximation, we obtain solution (182) for and , as well as the diffusion and diffusion thermoeffect coefficients, in the form (184) The coefficients obtained by the method of successive approximations by polynomials should be compared with the exact solution and obtained by the Lorentz method (170) and (171) for nondegenerate electrons:
(185)
It can be seen that the two-polynomial solution for diffusion differs from the exact one by 0.4%, and the three-polynomial solution by 2.6%. For the diffusion thermoeffect, the two-polynomial solution differs by 2.5% from the exact one, and the three-polynomial solution differs by about 8% from the exact one.
CONCLUSIONS
In this paper, we found the tensors of kinetic coefficients of diffusion, thermal diffusion, and diffusion thermoeffect for nondegenerate electrons in a nonquantizing magnetic field. The tensors are obtained from the solution of the Boltzmann kinetic equation by the classical Chapman-Enskog method using the expansion into the Sonine polynomials and taking into account two and three terms of the expansion. Electron-ion and electron-electron collisions are taken into account. The tensors are written for an arbitrary local direction of the magnetic field and the tem- + . + . ,   = .
+ . + . .   electron-electron collisions, the value of the thermal diffusion coefficient in the two-polynomial approximation underestimates the exact solution obtained in the Lorentz approximation at by 26%, and in the three-polynomial approximation it overestimates it by approximately 1%. For partially degenerate electrons, with , the two-polynomial solution underestimates the exact one by 28%, and the threepolynomial solution underestimates the exact one by 7%. It should be noted that electron-electron collisions further reduce the coefficient.
The diffusion coefficient obtained from the twopolynomial approximation underestimates the exact solution by about 4%, and the three-polynomial solution underestimates the exact solution by 0.14% for nondegenerate electrons. In the case of partial degeneracy, the diffusion obtained from the two-polynomial solution underestimates the exact one by 0.4%, and the diffusion obtained from the three-polynomial solution overestimates the exact one by 3%.
The coefficient of the diffusion thermoeffect for nondegenerate electrons in the two-polynomial approximation is underestimated by 12%, and in the three-polynomial approximation, it is overestimated by 0.4% in comparison to the exact solution. With the partial degeneration of electrons, the two-polynomial solution underestimates the exact solution by 2.5%, and the three-polynomial solution overestimates the exact solution by 8%.
The Chapman-Enskog method can be used for a sufficiently dense gas (plasma), where the time between particle collisions is the smallest value among other characteristic times. In the presence of a magnetic field, in addition to the lifetime of the system and the characteristic time of changes in the parameters in the plasma, the rotation time along the Larmor circle is added. This time should be much shorter than τ, of the order of , which leads to the condition that you can use the Chapman-Enskog method, in the form (191) Therefore, the results of this paper can be successfully applied for cases when , and for the case with large only qualitative estimates can be obtained. 
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